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ABSTRACT

The enhanced optical absorption of solar energy in a solar cell using nanostructured materials is a very demanding and 
important research area. Hence, an optimized structure to increase the optical absorption of solar energy in an elliptical 
GaAs (Gallium Arsenide) nanowire array solar cell was proposed in this paper. The influence of geometric parameters 
on the optical absorption of elliptical GaAs nanowire solar cells was investigated by exploiting the finite difference in 
time domain simulations. Based on the design and analysis, the elliptical GaAs nanowire array performed better than any 
circular GaAs nanowire. It was found that the enhanced performance was due to the reduced reflection from the top surface 
and a reduced transmission from the bottom surface of the elliptical GaAs nanowire array. The structural parameters of 
the elliptical GaAs nanowire were optimized by calculating the short circuit current density (Jsc) for different geometries 
over the solar spectrum. It was demonstrated that there was an increase of 9.4% in the Jsc compared with the circular GaAs 
nanowire under the optimized conditions.
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INTRODUCTION

If present trend continues, in the year 2025, the global 
population is likely to reach eight billion and by 2040 it 
may reach around nine billion (World Population Prospects 
2013). As a result, energy consumption is likely to reach 
in a new height.  Most frequently used energy sources for 
consumption are natural oil, gas and coal. Consequently, 
quick reductions of some of these limited sources are possible 
in near future (Das and Islam 2014). To avoid this critical 
condition and to reduce the dependency on limited energy 
sources, renewable energy sources become more attractive 
globally (Selvaraj et al. 2009). Due to advancement in power 
electronics techniques and decreasing prices, demand of 
renewable energy sources has grown consistently by 20% ~ 
25% per annum over the past 20 years (Selvaraj et al. 2009). 
Among various renewable energy options, solar energy 
has been an increasing interest for research, mainly due to 
increasing efficiency of solar cells, technology advancement 
and economies of scale (Monge et al. 2008). Solar energy 
offers a clean, abundant, and climate-friendly energy resource 
to mankind, relatively well-spread over the Earth (Das and 
Islam 2014). In total, fifteen thousand ExaJoule (1 eJ = 1018 

J) of solar energy are available in the atmosphere per year. 
And the human consumption is still less than one thousand 
ExaJoule (Das and Islam 2014, Prinn and Reilly 2014).

In recent years, semiconductor nanowire-based solar cell 
technologies have been established as a promising alternative 

to traditional thin-film technologies due to their unique optical 
and electrical properties (Sandhu et al. 2014). Semiconductor 
nanowire-based solar cells have higher capabilities to trap 
incident light which provides more optical absorption and 
hence increase the overall efficiency of the cells (Kelzenberg 
et al. 2010, Wang et al. 2014, Lee et al. 2013). Recently, 
nanowires have become more and more popular in solar cell 
research due to its large surface to volume ratio, optimized 
charge separation-collection, intrinsic anti-reflection effect 
and other excellent properties (Wu et al. 2014, Ren et al. 
2014). So far, most of the nanowire array-based solar cell 
technologies are based on the silicon semiconductor (Wen 
et al. 2011). Regardless of the specific application area, 
silicon nanowire-based solar cells usually perform better than 
thin-film solar cells. However, over the last several years, 
GaAs nanowires have started gaining attention in higher-
efficiency solar cell research (Wen et al. 2011). Compared 
to Si nanowires, GaAs nanowires have high absorption 
coefficient and more proficient in multi-junction applications 
in order to cover a wider range of solar spectrum for increased 
efficiency (Wen et al. 2011; Colombo et al. 2009; Tajik et al. 
2011;Czaban et al. 2008). 

Various recent investigations in terms of simulation and 
experimental studies have demonstrated that with well-defined 
diameter and length, NWAs exhibit very high absorption 
spectra than the thin film with almost similar thickness (Wen 
et al. 2011; Li et al. 2009; Zhu et al. 2008; Hu and Chen 2007; 
Garnett and Yang 2010;Kupec et al. 2010;Kelzenberg et al. 
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2010;Sakib and Ahad 2015;Gu et al. 2011). Due to optical 
resonances and diffraction, various nanowire array solar cells 
can demonstrate inherent light trapping as well as absorption 
enhancement properties (Ghahfarokhi et al. 2016). Solar 
cells that are made of semiconductor nanowires have special 
attention in the research community recently (Yao et al. 2014). 
It has exclusive optical, structural and electrical properties. 
NWA depicts the possibility for higher efficiency under diffuse 
solar light radiance (Ghahfarokhi et al. 2016). Therefore, the 
exploitation of nanowire array becomes an important research 
arena for high-efficiency photovoltaics.  

Researchers are exploring III-V-based nanowires, 
especially GaAs to find better optical absorption (Yao 
et al. 2014; Li et al. 2014;Azizur-Rahman and LaPierre 
2015;Ghahfarokhi et al. 2016;Trukhin et al. 2017). Apart from 
GaAs, few other combinations are explored as well, e.g., InP, 
GaAs-AlGaAs-GaAs, and InAs nanowire arrays (Azizur-
Rahman and LaPierre 2015;Leahu et al. 2017). However, 
GaAs-based nanowires are more explored. For example, Z. 
Li et al. 2014 have done a numerical simulation to propose a 
GaAs core-shell nanowire array solar cell. On the other hand, 
Yao et al. 2014 introduced p-i-n-based structure. In order to 
accomplish increased light absorption efficiency within a 
suitable structure, it is required to have smart strategies and 
designs with the correct consideration of the optical properties 
of the structures. Then we can evaluate the performance of 
the designed NWA solar cells. GaAs nanowire arrays with 
axial p-i-n junctions are proposed in (Yao et al. 2014), which 
has 7.6% efficiency.

Even though there are studies of optical properties 
on circular GaAs nanowire array solar cells such as Wen 
et al. 2011, the works on the similar optical properties on 
elliptical GaAs nanowire array solar cells are lacking in the 
literature. Hence, we pondered to an investigation on the 
optical characteristics of an elliptical GaAs NWA solar cell. 
In our work, we study and analyze the impact of geometric 
parameters on the optical absorption of elliptical GaAs 
nanowire array solar cells. For this purpose, we utilize Finite 
Difference Time Domain (FDTD) method from Lumerical 
FDTD solutions (Lumerical Solutions 2017). For this study, 
we compared the optical absorption of circular GaAs and 
elliptical GaAs nanowire array solar cells. In particular, 
we computed the short circuit current density for different 
geometries of elliptical GaAs NWA solar cell and thus obtained 
an optimized geometry. The performance of our design of 
elliptical GaAs NWA solar cell has stronger light absorption 
in the short wavelength region. It also has broadband light 
absorption in the long wavelength region. Therefore, we can 
state that an elliptical GaAs NWA solar cell can demonstrate 
improved light absorption, compare to a circular GaAs NWA 
solar cell. 

The paper is organized as follows: Section 1 covers 
the background of the paper. In Section 2, we explain the 
elliptical nanowire-based solar cells and investigate the 
optical properties using finite difference time domain method. 

Then, we explain the results in Section 3. Finally, we conclude 
the paper in Section 4. 

ELLIPTICAL GAAS NANOWIRE-BASED SOLAR CELL

As mentioned above, the elliptical GaAs nanowire-based 
solar cell is explored in this paper. We have studied the optical 
properties of elliptical GaAs NWA-based solar cells. For this 
analysis, we have exploited the finite difference time domain 
(FDTD) method (Gu et al. 2011, Yao et al. 2014). In order to 
compute the energy-dependent transmission T(E), absorption 
spectra A(E), and reflection R(E), time domain methods are 
widely used. Before going into the analysis, first, we have 
presented the design of this solar cell which is shown in 
Figure 1 (Sakib and Ahad 2015). In this structure, the key 
parameters are, L (length of the nanowires), T (thickness of 
the substrate), P (periodicity), D (major axis length of the 
ellipse), and d (minor axis length of the ellipse).

In our structure, we select the length of the nanowire as 
1 µm. We also design the thickness of the substrate as 1 µm. 
In this case, the periodicity is selected as 0.4 µm. The main 
reason for this selection is to provide better light trapping 
for the solar cell. 

FIGuRE 1. Simple design of the GaAs nanowire structure
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Figure 2 demonstrates a schematic of a periodic elliptical 
GaAs nanowire array for our experiment. In order to design 
a prototype of a periodic square array, we set a few periodic 
boundary conditions: (i) side boundaries, (ii) perfectly matched 
layer (PML) boundary condition for the upper boundary, and 
(iii) the PML for the lower boundary. We simulate the design 
within this unit cell. The cell eventually represents a periodic 
square array. The polarization direction of the incident light 
is parallel to the x-axis, while the propagation direction of 
the same is parallel to the z-axis (Figure 2). For our study, 
we investigated the optical properties over the visible 
wavelength region and the infrared wavelength region of the 
solar spectrum. Note that the visible region is within 420 nm 
to 700 nm, whereas the infrared region is within 700 nm to 
900 nm of the spectrum. 
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a shift of the absorption edges toward long wavelength 
region as shown in Figure 3. It results in overall broadened 
absorption band. On the other hand, in the short wavelength 
region, we observed reduced light absorption. Based on this 
analysis, it is evident that GaAs NWA with a reduced diameter 
can attain greater absorption in the long wavelength region. 

FIGuRE 2. A schematic of a periodic elliptical GaAs 
nanowire array
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To determine the optimized geometric configuration 
of elliptical GaAs NWA over the solar spectrum of interest, 
short circuit current density JSC is calculated assuming that 
all photo-generated carriers can contribute to short circuit 
current using:

g
sc E

A E I E
J dE

E

( ) ( )∞
= ∫                      

 (1)

where, 
E is the photon energy in electron volts (eV), 
A (E) is the absorption spectrum of  NWA, 
I (E) is the solar irradiance spectrum at AM 1.5G, and 
is the band-gap energy of GaAs.

RESULTS AND DISCUSSION

First, we investigated the spectral response of circular GaAs 
NWA with different diameters (D). The diameters selected for 
this study are 150nm, 180 nm, 200 nm, 220 nm, and 240nm. 
In order to compare the performance, the absorbance of a 2 
µm GaAs thin film is also shown. As shown in Figure 3, in 
short wavelength region (λ – 500 nm), compared to GaAs 
thin film with the same thickness, circular GaAs NWA gives 
better absorption. The main reason for this enhancement is 
due to reduced light reflection in the front surface of GaAs 
NWA. However, in the long wavelength region (λ – 550 
nm), we observed a sharp decline in absorption. According 
to references (Ren et al. 2014, Wen et al. 2011), the main 
reason for this decline is the sudden reduction in the 
extinction coefficient of GaAs for these wavelengths. Also, 
the energy present in the wave plays a significant role in 
optical absorption. For higher energy waves, more supported 
modes are available in NWAs which eventually leads to higher 
absorption by the structure (Wen et al. 2011). We observed 

On the other hand, GaAs NWA with a larger diameter can 
achieve broadband light absorption. 

Now, we explore the elliptical design for the GaAs 
nanowire array. In order to find an optimized elliptical 
structure, we observed the absorption spectra of NWAs with 
different major axis length (D) and a fixed aspect ratio of 0.5. 
As shown in Figure 4, compared with circular GaAs NWAs, 
elliptical GaAs NWAs maintain overall strong absorption in 
short wavelength region as well as in the long wavelength 
region. The main reason for this phenomenon is due to the 
reduction of reflection and transmission from the top and 
bottom surfaces. Depending on this finding, it is clear that 
elliptical GaAs NWAs show the quality of circular NWAs with 
both short and long wavelength regions.

Furthermore, we investigated the impact of aspect ratio 
on the optical absorbance of elliptical GaAs NWA. Note that 
the aspect ratio is defined as the ratio of minor axis to the 
major axis: d/D. 
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FIGuRE 3. Absorbance of a circular GaAs nanowire array with 
different parameter
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FIGuRE 4. Absorbance of an elliptical GaAs nanowire array
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Figure 5 shows the absorption spectra of the elliptical 
GaAs NWA with different aspect ratio at a fixed diameter 
of 150 nm. It is evident that the absorption behavior of 
elliptical GaAs NWA is influenced by its aspect ratio. With 
a decreasing aspect ratio, enhanced absorption is observed 
in short wavelength region. Meanwhile, as shown in Figure 
5, absorption in the long wavelength region is suppressed. 
This result is mainly due to the increase in reflection at the 
top surface of the NWA.

From the above findings and analysis, it is evident that 
light absorption of the elliptical GaAs NWA is delicate to the 
structural variables. By selecting proper major axis length 
and aspect ratio, absorption of elliptical GaAs NWA can be 
significantly enhanced. In order to compute the gross light 
absorption proficiency of an elliptical GaAs NWAs over our 
desired solar spectrum, we compute the short circuit current 
density (JSC)  based on the equation 1. 
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FIGuRE 5. Absorbance of elliptical GaAs NWA with major axis 
length of 150 and different aspect ratios of 0.5, 0.6, 0.7, and 0.8

Figure 6 depicts JSC for different D as a function of 
aspect ratio (d/D). A general increase of JSC is observed when 
increasing major axis length D from 150 nm to 220 nm. This 
trend arises due to the excitation of guided resonance modes 
(Lee et al. 2013). However, a further increase in D to 240 nm 
will lead to a decrease in JSC. This trend is attributed to the 
increase of reflection at the top surface of NWA. From Figure 
6, the maximum 30.86 mA/cm2 is achieved for major axis 
length of 180 nm and d/D of 0.75. However, for a circular 
array with D = d = 180 nm, we observed JSC 28.21 mA/cm2. 
Hence, with optimal diameters of D = 180 nm, d = 135 nm,   
JSC is improved by 9.4 %.In future, we would like to explore 
the performance of GaAsnanocone array structure as shown 
in Figure 7.
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FIGuRE 6. The short circuit current density  for different major 
axis lengths (D) and different aspect ratios (d/D)
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FIGuRE 7. GaAsnanocone array: (a) Graphical representation of a 
GaAsnanocone array structure. (b) The parameters for the array 
are length L, period a, top diameter dtop and bottom diameter dbot

CONCLUSION

Solar energy is very important to mitigate the future 
challenges of energy sources. Therefore, extensive research 
to explore various solar cell arrays that can produce enhanced 
solar light absorption is necessary. In this paper, by using 
finite difference time domain (FDTD) method, we investigate 
the optical characteristics of an elliptical GaAs nanowire array 
to achieve low-cost but high-efficiency solar cells. We analyze 
the effect of nanowire diameter (D) and aspect ratio (d/D) on 
the solar light absorption in elliptical GaAs NWA. According to 
our study, the elliptical GaAs NWA performs enhanced overall 
light absorption performance as compared with circular GaAs 
NWA. We found that the elliptical GaAs NWA can achieve 
higher short circuit current density JSC of 30.86 mA/cm2, if 
we design the major axis length as 180 nm and the minor 
axis length as 135 nm. This optimum design parameter for 
our elliptical GaAs nanowire array can produce 9.4% more 
photocurrent as compared with the circular GaAs NWA. This 
is a significant improvement based on this design. 
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